In this work, n-GZO/a:amorphous-Si(i:intrinsic)/p + -Si photodiodes are fabricated. We employed a nanosphere lithographic technique to obtain nanoscale patterns on either the a-Si(i) or p + -Si surface. As compared with the planar n-GZO/p + -Si diode, the devices with nanopatterned a-Si(i) and nanopatterned p + -Si substrates show a 32% and 36.2% enhancement of photoresponsivity. Furthermore, the acceptance angle measurement reveals that the nanostructured photodiodes have larger acceptance angles than the planar structure. It also shows that the device with the nanocone structure has a higher acceptance angle than that with the nanorod structure.
Introduction
The efficiency of solar cells can be improved by several key factors such as the employment of light trapping structures, the utilization of the full solar spectrum, and the technique of achieving wide acceptance angles. In the past, periodic textured surfaces [1] [2] [3] , transparent conductive oxide (TCO) coatings [4] [5] [6] , nanowires [7] [8] [9] , random rough surfaces and the design of surface plasmons [10] [11] [12] have been reported to reduce the surface reflectivity of the device so that more photons can be trapped. Furthermore, multi-junction and tandem structures have been proposed to fully utilize the solar energy by efficiently absorbing the solar spectrum or recycling the reflected incident light for absorption [13] [14] [15] . We previously proposed a photodiode with n-ZnO/p-Si structure that possesses a wide absorption spectrum from the near 4 Author to whom any correspondence should be addressed.
ultraviolet to near infrared range [16] . Moreover, by spincoating a monolayer of silica nanoparticles on the sample surface, the acceptance can be greatly improved.
Most reported technologies to improve light trapping in solar devices are targeting texturing (or coating TCO on) the light incident surface. There have also been reports in which the intrinsic light absorption layers were grown above the texturing surface [5, 6] . And some presented the subject of sub-wavelength morphology in the intrinsic light absorption layer [17, 18] . The nanoscale patterns in the intrinsic light absorbing layer have several advantages. In addition to a more efficient light interaction with the textured layer, the subwavelength periodicity has a similar size to the intrinsic layer thickness, which reduces the transit time for generated carriers to travel to the contact electrodes.
In this work, we fabricated n-GZO(ZnO doped with Ga)/a(amorphous)-Si(i)(i:intrinsic)/p + -Si photodiodes. By employing a nanosphere lithographic technology, either the 
a-Si(i) or p + -Si was textured with a period in the range around 100-200 nm. We compared the photoresponsivity of four samples with and without the a-Si(i) layer and surface texturing. In order to understand the effect of subwavelength texturing on the acceptance angle, light absorption measurements at different incident angles were also conducted.
Device fabrication
The n-GZO/p + -Si photodiodes were mainly realized by stacking n-type GZO on top of the p + -type Si substrate. To investigate the effect of texturing on light absorption either the intrinsic a-Si or the p + -Si substrate was patterned in the nanoscale.
The device structures in this work are sketched in figure 1 .
Devices A, B, C and D represent the planar n-GZO/p + -Si, planar n-GZO/aSi(i)/p + -Si, n-GZO/nanopatterned a-Si(i)/p + -Si and n-GZO/aSi(i)/nanopatterned p + -Si structures, respectively. Prior to the device fabrication, the p + -Si substrates were treated in RCA and diluted HF to remove organic and oxide residuals. For devices B, C and D, the 200 nm-thick a-Si(i) layers were deposited on the p + -Si by HDP-CVD (high density plasmachemical vapor deposition; Duratek system, Multiplex Cluster CVD). And the n-GZO layers for all four samples were deposited by RF magnetron sputtering using a ZnO target doped with 3 wt% Ga. The n-GZO layer is 200 nm in thickness with a doping density 2 × 10 20 cm −3 after annealing at 400
• C for 30 min. For devices C and D, the nanopatterns were realized by using nanosphere lithography. We first spin-coated a monolayer of silica nanoparticles, which are resolved in the IPA (isopropyl alcohol) solvent, on the sample, followed by RIE (reactive ion etching) to define the nanopatterns. The silica nanoparticles with a diameter 100 nm ± 10 nm act as a hard mask during the pattern definition. And the etch depth is around 70 nm. The corresponding SEM (scanning electron microscopic) images of the nanopatterns on the p + -Si and the a-Si(i) thin film on the nanopatterned p + -Si substrate are demonstrated in figures 2(a) and (b), respectively. The spacing between the nanostructures, calculated from the top view of a SEM photo, is around 100-200 nm, with an average of 144.55 nm by assuming a triangular arrangement of nanoparticles. Figure 2 (a) shows the surface morphology of the nanopatterned p + -Si substrate after the RIE process with a 70 nm etching depth. Furthermore, figure 2(b) shows the surface profile with a 200 nm-thick a-Si(i) thin film deposited on the nanopatterned p + -Si substrate. Basically, the SEM image of the a-Si/nanopatterned p + -Si sample reveals a smoother nanorod profile than that of the nanopatterned p + -Si. Below, we define the smoother nanopatterns of device D as a nanocone while the surface of device C as a nanorod profile (see figure 1 for illustration). Finally, Al (200 nm) and Ti/Au (12 nm/200 nm) were evaporated as the p-type and n-type contact electrodes, respectively. They were separately alloyed to achieve optimum contact conditions. For all the samples investigated, the mesa area is 300 × 300 µm 2 .
Characterizations of photodiodes

Electrical properties
The electrical properties were characterized using an Agilent 4155C semiconductor parameter analyzer. As shown in the inset of figure 3 , the I -V curves are linear for both Ti/Au contacts on the planar n-GZO (right) and Al on the planar p + -Si (left), respectively, indicating the formation of ohmic contacts 
Optical properties
The optical response was measured by illuminating the samples with monochromatic light from a xenon lamp (SP CM110 1/8 Monochromator) on the GZO side. As demonstrated in figure 4 , the photoresponsivity of device A is basically composed of near band edge absorption of p + -Si at the wavelength range between 600 and 800 nm, along with near the n-GZO band edge and n-GZO/p + -Si heterojunction absorption at the wavelength around 350-600 nm. The average photoresponsivity at the wavelength between 350 and 800 nm is 0.13 A W −1 for device A. As for device B, a peak wavelength at 530 nm with an average photoresponsivity 0.08 A W −1 was demonstrated. The main peak at the green band is attributed to the dominant absorption in the intrinsic aSi layer. Also, the decrease of photoresponsivity for device B, as compared with device A, can be ascribed to the potential increase of defects at both a-Si(i)/p + -Si and n-GZO/a-Si(i) heterojunctions as both a-Si(i) and n-GZO layers were grown in different chambers. In contrast, device A possesses only one heterojunction (only one interface for defects). In addition, the 200 nm-thick a-Si(i) in device B is likely to block optical transmission to p + -Si, resulting in a lower photoresponsivity in the wavelength range 600-800 nm. On the other hand, devices C and D show 32% and 36.2% enhancement of photoresponsivity over that of device A. Also, the responsivity curves of devices C and D possess peaks near the green wavelength range. It implies that despite the existence of two heterojunctions (two interfaces of potential pick-up of defects), the responsivity of the structure with nanopatterned a-Si or p + -Si is much higher than that of the planar device.
To understand the effect of nanopatterns on the photocurrents, the optical reflectivity was extracted on several material surfaces. The optical reflections were measured from nearly normal light incidence (5 • offset) covering the wavelength between 300 and 800 nm with a standard UVvis (ultraviolet-visible) spectrometer (JASCO ARN-733) and an integrating sphere and the noise level is around 0.002%. As shown in figure 5(a) , the reflectivity of the nanopatterned p + -Si surface is significantly reduced as compared to that of the flat p + -Si surface. We also observe an even more significant decrease of reflectivity at the shorter wavelength. At the wavelength 443 nm, the reflectivity of the nanopatterned p + -Si is 26.21% smaller than that of the flat p + -Si surface, as compared to 7.86% smaller at 800 nm, which is attributed to a more effective interaction between the nanostructure and the incident light at short wavelength as both sizes are comparable due to the grating effect.
In addition, the reflectivity comparison between planar a-Si(i) and nanopatterned a-Si(i) on the planar p + -Si substrate also demonstrates a similar trend. However, both the reflectivity of the planar surface and the percentage decrease between flat and nanostructured a-Si(i) are smaller than the case in figure 5(a) . Since the a-Si(i) layer is grown by HDP-CVD, the surface morphology on the 'flat' a-Si(i) surface is already rougher than that on the flat p + -Si substrate. Therefore, the percentage reduction of reflectivity in figure 5 (b) at the short wavelength is not as significant as that in figure 5(a) .
The observation of the lower reflectivity at the shorter wavelength indicates the responsivity peaks of devices C and D, in figure 4 , are blue shifted from that of device B. And the further blue shift that device D exhibits is attributed to a lower reflectivity in the nanopatterned p + -Si surface at the shorter wavelength (around 443 nm), by comparing the optical properties with device C. Another explanation of the further blue shift of device D is related to the photocurrents induced at the short wavelength. As pointed out above, the responsivity at the 300-600 nm wavelength range is mainly contributed by the absorption in the n-GZO layer and the n-GZO/aSi(i) heterojunction. Since the nanopatterns on device C are realized by the dry etching on a-Si(i), the n-GZO/a-Si(i) interface suffers from etching damage and more defects are picked up in the interface. Therefore, the photocurrent at the blue-UV wavelength range of device C is lower than that of device D. Likewise, the etching damage on p + -Si of device D results in more defects in the a-Si(i)/p + -Si junction and less photocurrents in accordance. Moreover, in addition to the photon transmission and absorption processes in the semiconductor layers, the photoresponsivity is also related to the generated carrier transit time across the p-in diodes to complete the current conducting path. Since the nanopatterned a-Si has a thinner effective thickness, carriers generated in the ZnO and p + -Si can quickly escape to the contact electrodes. We next investigate the effect of the nanopatterned surface on the acceptance angle of the photodiodes with the a-Si(i) layer, i.e. devices B, C and D. The angle dependent photoresponsivity measurement was performed by illuminating the samples with a uniform and constant optical density of light source at various wavelengths using the setup described in the previous research [16] . In this experiment, the samples were illuminated at a distance 50 mm away from the light source. For ease of comparison, at different wavelengths, photocurrents of devices C and D are normalized to that of device B in the vertical direction (0 • ). In figure 6 , the normalized photocurrents of devices B, C and D are plotted under different incident angles at the major visible wavelengths 450, 550, 650, and 750 nm. Basically, for device B, the photocurrent decays continuously as the incident angle is tilted since the effective radiative energy received by the device becomes smaller. The acceptance angle of device B, defined as the incident angle at 90% of the maximum light absorption, is 20
• , 17
• , 18
• and 18
• at the wavelength 450 nm, 550 nm, 650 nm and 750 nm, respectively. In comparison, the acceptance angles of devices C and D demonstrate an increase. They become 22
• , 25
• , 22
• and 21
• for device C and 34
• , 29
• , 31
• and 31
• for device D at wavelengths of 450 nm, 550 nm, 650 nm and 750 nm, respectively. Furthermore, the relative photocurrents of samples C and D alternates in intensity between angles at different incident light wavelengths. It is consistent with the observation of photoresponsivity curves in figure 4 and is attributed to the surface reflectivity and the defect related absorption described above.
The increase of the acceptance angle is mainly attributed to the nanopatterned surface as indicated from several reports [19] [20] [21] [22] [23] that surface morphology plays an important role in the wide incident angle of absorbance. For example, the effects of angle-independent reflectivity on antireflection surfaces have been discussed experimentally and theoretically [23, 24] . Moreover, we also notice larger acceptance angles of device D than those of device C at all the wavelengths measured. From the SEM photos in figure 3 along with the schematic plots in figure 1 , device C shows a nanorod structure while device D possesses a nanocone morphology due to the coverage of both a-Si(i) and n-GZO layers. Typically, the nanocone structure has a wider incident angle of absorbance than the nanorod structure [21] . When the incident light is tilted, photons have more chance to fall within the angle of internal reflection for the nanocone structure and thus the acceptance angle is increased.
Conclusion
In this work, n-GZO/a-Si(i)/p + -Si photodiodes are fabricated. As compared with the n-GZO/p + -Si sample (device A), the photodiodes with nanopatterned a-Si(i) (device C) and nanopatterned p + -Si substrate (device D) show 32% and 36.2% enhancement of photoresponsivity. And they also show main absorption peaks at the green wavelength range which is correlated to the a-Si(i) absorption. In comparison, the multiabsorption peaks for device A correspond to n-GZO, Si and n-GZO/Si(i) junction absorptions. We also observe a blue shift of photoresponsivity spectra of nanopatterned devices as compared with that of a planar n-GZO/a-Si(i)/p + -Si diode (device B), which is attributed to the more obvious decrease of reflectivity in the short wavelength range. Furthermore, the acceptance angle measurement reveals that the nanostructured photodiodes have larger acceptance angles than the planar one. For example, at 550 nm, the acceptance angle increases from 17
• for device B to 25
• and 29
• for devices C and D, respectively. Our results also show that the nanocone structure of device D has a higher acceptance angle than the nanorod structure of device C. This work indicates that nanopatterned n-GZO/a-Si(i)/p + -Si photodiodes have potential in solar cell applications.
